Several lines of evidence have shown that Trypanosoma cruzi interacts with host extracellular matrix (ECM) components producing breakdown products that play an important role in parasite mobilization and infectivity. Parasite-released antigens also modulate ECM expression that could participate in cell-cell and/or cell-parasite interactions. Increased expression of ECM components has been described in the cardiac tissue of chronic chagasic patients and diverse target tissues including heart, thymus, central nervous system and skeletal muscle of experimentally T. cruzi-infected mice. ECM components may adsorb parasite antigens and cytokines that could contribute to the establishment and perpetuation of inflammation. Furthermore, T. cruzi-infected mammalian cells produce cytokines and chemokines that not only participate in the control of parasitism but also contribute to the establishment of chronic inflammatory lesions in several target tissues and most frequently lead to severe myocarditis. T. cruzi-driven cytokines and chemokines may also modulate VCAM-1 and ICAM-1 adhesion molecules on endothelial cells of target tissues and play a key role in cell recruitment, especially of activated VLA-4 + LFA-1 + CD8 + T lymphocytes, resulting in a predominance of this cell population in the inflamed heart, central nervous system and skeletal muscle. The VLA-4 + -invading cells are surrounded by a fine network of fibronectin that could contribute to cell anchorage, activation and effector functions. Since persistent "danger signals" triggered by the parasite and its antigens are required for the establishment of inflammation and ECM alterations, therapeutic interventions that control parasitism and selectively modulate cell migration improve ECM abnormalities, paving the way for the development of new therapeutic strategies improving the prognosis of T. cruzi-infected individuals. 
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Introduction
As a common consequence of a combinatorial interplay between invader and host, inflammatory processes are established leading to invader control but frequently contributing to the establishment of chronic inflammatory disease. Inflammatory responses to tissue infection require cell migration, a widespread process that comprises cell-cell adhesion and cell-extracellular matrix (ECM) interaction and is orchestrated by cell adhesion molecules and integrin receptors, ECM components, matrix metalloproteinases and chemoattractant molecules. Migration is also a prerequisite for infectious agent spreading. Direct or bridge molecule-mediated interactions occur between invaders and host ECM and cells, being a crucial event for successful infection. We report here lines of evidence that these processes may occur during Trypanosoma cruzi infection that leads to a severe chronic diffuse and fibrosing myocarditis with the presence of rare parasites in 25-30% of infected patients.
Trypanosoma cruzi-host cell interaction
The parasite talks The protozoan T. cruzi, the causative agent of Chagas' disease, invades mammalian host cells as trypomastigote or amastigote forms to complete its biological cycle. The understanding of the molecular basis of the host cell invasion process by T. cruzi has been an almost centenary challenge in parasitology. Several lines of evidence demonstrate that the ECM glycoprotein fibronectin (FN) promotes adhesion and uptake of trypomastigotes by macrophages and fibroblasts (1,2) and amastigotes by murine or human macrophages (3) . Subsequent studies showed that T. cruzi trypomastigotes specifically recognize and bind to the RGDS amino acid sequence of FN that inhibits the infection of host cells (4) . Moreover, the expression of parasite FN receptors characterized as a group of proteins ranging from 80 to 85 kDa, including a member of the trans-sialidase superfamily, is correlated with the parasite's ability to adhere to and invade host cells (5, 6) .
It is commonly believed that as a prerequisite for host cell invasion, T. cruzi infective forms must cross basement membrane and ECM barriers. Recently, it has been reported that the binding of T. cruzi to laminin (LN), the major constituent of the basement membrane, is enhanced by galectin-3 (7). Also, a new class of T. cruzi molecules has been reported to play a crucial role facilitating parasite mobilization through the ECM. These T. cruzi ECM-binding proteins, including the 51 kDa cysteine proteinase cruzipain, present enzymatic activity and mediate type I collagen and FN degradation (8, 9) . In vivo, cruzipain also binds to the FN network present in the heart tissue of T. cruzi-infected mice (Figure 1 ), as previously demonstrated among the T. cruzi antigens released into the cardiac interstitial spaces of chagasic patients (10) . Sites that are cryptic or hidden in the native ECM molecules may become activated or exposed upon disassembly or degradation of the ECM component structure by proteolytic enzymes that are released by interstitial parasites or, considering the whole event, secreted by tissue- Figure 1 . Trypanosoma cruzi antigen cruzipain (green) is detected associated with fibronectin fibers (red) in the myocardium of chronically (120 days postinfection) infected mice. The animals were infected with 100 trypomastigotes of the Colombian strain of T. cruzi. The arrows indicate the superposition of the labeling for fibronectin and cruzipain (yellow). Bar = 25 µm.
T. cruzi-host cross talk with ECM participation invading leukocytes. As a biological consequence, the ECM breakdown products may facilitate invasion of target cells by the parasite. In fact, FN cleavage fragments were shown to provide a growth factor-like activity for the differentiation of trypomastigotes to amastigotes, a more efficient invasive form (11) . In addition, in view of the ongoing T. cruzi-elicited myocarditis, the ECM degradation process may modulate ECM interactions with cytokines and chemokines involved in recruitment and/or activation of inflammatory cells (12) , as discussed below.
The inflamed myocardium is exposed to parasite antigens either released into the cardiac interstitial spaces by extracellular parasites or from killed organisms. More recently, we have shown that proteins mainly ranging from 85 to 170 kDa released by T. cruzi trypomastigotes within membrane vesicles adhered to membrane microvilli and were internalized by noninfected mammalian cells, including fibroblast and skeletal muscle cells. A cysteine proteinase, cruzipain, but not trans-sialidase, was detected among the cell-bound antigens. As a consequence of the adsorption of released antigens the sensitized cells became targets for anti-T. cruzi antibodies and presented increased expression of ECM components (13) . Thus, the in vivo released T. cruzi antigens might be involved in the establishment of inflammation, sensitizing noninfected host cells, triggering an immune response against parasite antigens and modulating ECM expression that could mediate cell-cell or parasitehost cell interactions.
Recent studies have shown that an 80-kDa serine protease located inside a vesicular compartment close to the flagellar pocket was found to hydrolyze FN and, more importantly, to be a potential target for a potent selective inhibitor that blocks T. cruzi entry into host cells (8, 14) . Also, a new member of the T. cruzi 80-85-kDa glycoprotein family was shown to bind to LN (15) . Together with parasite-binding sites for host thrombospondin, heparin sulfate and FN, this LN-binding site has been proposed to be a potential target for inhibition of invasion of host cells by T. cruzi by RNA aptamers (16, 17) . Taken together, these data led to the concept that specific interactions between T. cruzi and host ECM components play a pivotal role in parasite dissemination, mediating basement membrane and ECM degradation as well as adhesion to and invasion of host cells. Moreover, these findings provide evidence that ECM-binding sites present on the T. cruzi surface are new potential therapeutic targets for inhibition of T. cruzi dissemination.
The host answers
The heart is the main organ affected during T. cruzi infection. The pathogenesis of tissue remodeling, particularly that which causes the unique apical aneurysm found in chagasic patients, remains unclear. Fibrosis is one of the most important features of the chronic chagasic cardiomyopathy with multifocal scarring frequently observed in the absence of significant inflammation or parasitized myocytes (18) . More recently, it was shown that, compared with dilated cardiomyopathy, chronic chagasic myocarditis presents a distinctive pattern of ECM abnormalities (19) . Increased expression of ECM components including FN, LN and types III and IV collagen, and remodeling of matrix components associated with the progression of inflammation have also been detected in the heart tissue of T. cruzi-infected mice (20) . However, focal connective tissue damage with multiple areas devoid of ECM components was observed in inflamed atria of early acutely infected mice (21) . It is possible that ECM degradation can precede or concurrently occur with enhanced fibrosis, and account for remodeling of cardiac tissue. In fact, alterations of the ECM may contribute to ventricular dysfunction and geometric shape changes observed in human and experimental T. cruzi-induced cardio-inflammation composed mainly of mononuclear cells is initially detected in the early acute phase. It was paralleled by ECM abnormalities that are observed in areas with inflammatory infiltrates and areas not affected by myositis, and related or not to the presence of parasite pseudocysts and antigens. Interestingly, the phenotypic analysis of mononuclear cells isolated enzymatically (23) from skeletal muscle showed that the inflammatory infiltrates were composed mainly of CD8 + T cells ( Figure 2 ). This finding is particularly relevant considering the prevalence of this T cell subset in the cardiac tissue of chagasic patients presenting severe myocarditis (24, 25) and in the inflamed heart of C3H/He mice chronically infected with the Colombian strain (23) . In this experimental model, CD8-mediated myocarditis is established during the early acute infection (Figure 3 ) and persists during the chronic phase (23) . Also, CD8-mediated meningoencephalitis restricted to the acute phase is observed in this animal model (26) . The findings showing the establishment of inflammatory infiltrates composed mainly of CD8 + T cells in several target tissues during the early acute phase indicate the importance of CD8 + T cells in the resistance to T. cruzi (27) . Moreover, these data support the idea that during T. cruzi infection the preferential migration of CD8 + T cells towards target tissues results from the differential activation profile of this cell population, being coordinated by parasite-driven chemoattractant molecules expressed in target tissues (23 and Roffê E, Silva AA, Santiago HC, Gazzinelli RT and LannesVieira J, unpublished data).
The intense increase in the expression of the cardiac ECM proteins FN, type IV collagen and LN exists as an interstitial framework surrounding and interconnecting infected and noninfected skeletal muscle (Figure 2 myopathy. These include loss of ECM components through degradation or mechanical destruction producing a thin-walled, dilated, and poorly contracting ventricle, even in the absence of significant myocyte injury (21) .
Abnormal expression of ECM components seems to be a widespread event during T. cruzi infection. A progressive and intense increase in the intralobular network containing FN and type IV collagen was observed in the atrophic thymus of T. cruzi-infected mice (22) . Further, a remarkable increase in the expression of FN and the basement membrane components LN and type IV collagen was also detected in other lymphoid (spleen and lymph nodes) and nonlymphoid tissues including skeletal muscle of C3H/He mice infected with the Colombian strain of T. cruzi (Figure 2 ). In skeletal muscle diffuse creased in the cardiac tissue of T. cruziinfected mice, particularly in the basal lamina of cardiomyocytes, and absent in areas of inflammatory infiltrates (Figure 4) . In addition, the ß1 integrin LN receptor VLA-6 was not immunohistochemically detected on the surface of infiltrating cells, although rare interstitial cells were α6 + (Figure 4) . Similarly, in the inflammation of the central nervous system of acutely T. cruzi-infected C3H/ He mice, LN expression restricted to the basement membrane of blood vessels was enhanced, whereas VLA-6 was absent on infiltrating perivascular cells (28) . Regarding the functional role of LN and VLA-6 in the physiopathogenesis of myocarditis during T. cruzi infection, it was previously shown that antibodies recognizing LN and its receptor VLA-6 are able to block the migration of locally injected splenic CD4 + T cells obtained from chronically T. cruzi-infected mice to cardiac tissue grafted in the ear of normal mice (29) . This finding suggests the participation of LN/VLA-6 interactions in cell migration towards the heart tissue of T. cruziinfected mice. Our findings do not rule out this possibility; however, it is possible that after transmigration through the endothelial layer, inflammatory cells may lose or downmodulate the expression of VLA-6 (30). Interestingly, we have shown that the FN mesh present in the inflamed heart of chronically T. cruzi-infected mice involves VLA-4 + macrophages, and activated VLA-4 + LFA-1 + CD4 + and CD8 + T cells (23) . Moreover, mononuclear cells expressing VLA-4 and CD44 were detected immunohistochemically in the myocardium of chronic chagasic patients (31) , suggesting that these inflammatory cells are activated and able to interact with ECM components. When C3H/He mice were inoculated with the Colombian strain during the early acute phase (14-28 days post-infection), most of the infiltrating inflammatory cells, including both CD4 + and CD8 + T lymphocytes, were VLA-4 + , whereas only a minor population of the mononuclear cells inside the inflamed cardiac tissue expressed VLA-5 ( Figure 6 ). Furthermore, we have shown that the predominance of CD8 + T cells in T. cruzi-infected heart observed during chronic infection (23) is also achieved during the early acute phase, paralleling the ECM alterations.
The role of FN and its receptors in the physiopathogenesis of the chronic T. cruzielicited myocarditis is unclear. The ß1 integrin FN receptors on macrophages may contribute to T. cruzi dissemination. In fact, it has been reported that T. cruzi uptake and subsequent replication inside macrophages is inhibited by treatment of mammalian cells with anti-ß1 integrin antibodies, but not with anti-ß2 integrin. Also, partial inhibition of parasite uptake by anti-VLA-4 and anti-VLA-5 antibodies suggested that several members of the ß1 integrin family, in addition to the FN receptors VLA-4 and VLA-5, are involved in T. cruzi binding to and entry into macrophages (32) .
A fine network of FN involving VLA-4 + mononuclear inflammatory cells and infected or noninfected neurons and glial cells (astrocytes and microglia) was shown to be present in the central nervous system of Colombian strain-infected C3H/He mice during acute infection; however, this inflammation is self-resolving and chronic alterations are not present at this site (26, 28) , whereas a progressive myocarditis paralleled by ECM abnormalities is observed in these mice (23) . The distribution of variant forms of FN in anatomic sites in vivo remains unknown but it has been suggested that VLA-4-dependent co-stimulation of T cells may be restricted to certain critical anatomic sites in vivo (33) . It is reasonable to propose that interactions of T cells with the fine FN filamentous network present in the inflamed myocardium via VLA-4 molecules may provide an anchor for invading cells and not only function as a pathway in the T cell migration processes but may also influence antigen-specific T cell recognition, proliferation, survival and effector activity (34) . In addition, FN and other ECM components may also act as chemoattractants for additional invading cells or provide a substrate for the anchoring and stabilization of chemoattractant molecules (35, 36) , contributing to the perpetuation of inflammation in this tissue. Further as discussed above, T. cruzi antigens present proteolytic activity resulting in ECM breakdown products that are themselves potentially immunomodulatory and could contribute to the maintenance of chronic inflammation. Indeed, it has been shown that damaged ECM activates macrophages to secrete IL-12 and chemokines (37, 38) , cytokines present in the inflamed heart of chronic chagasic patients (24, 25) , and in acute and chronic experimentally T. cruzi-infected mice (23, 39, 40) . These cytokines play a central role by controlling tissue parasitism during T. cruzi infection but are also involved in the maintenance of chronic myocarditis (41) (42) (43) (44) .
With respect to putative sources of ECM components in T. cruzi-infected inflamed target tissues, the inflammatory mononuclear cells may contribute to FN production as activated macrophages and T lymphocytes produce this glycoprotein (45, 46) . However, the possibility that myocytes and other cell types present in these tissues could also contribute to ECM production cannot be ruled out. In fact, our results show an increased expression of FN and LN by infected and noninfected neurons and glial cells (astrocytes and microglia) (28) of acutely T. cruziinfected mice, and FN, type IV collagen and LN in the basal lamina of infected and noninfected cardiac (23) and skeletal muscle cells of acutely and chronically infected mice. Also, in vitro studies have shown that several other cell types when infected with T. cruzi present abnormal quantitative and qualitative production of ECM components (13, 47) . In this respect, in addition to a remarkable increase in ECM production by T. cruziinfected endothelial cells, the heparan sulfate proteoglycan isolated from this ECM differed from the heparan sulfate proteoglycan obtained from the ECM of noninfected cells by virtue of an eight-to ten-fold increase in sulfation besides other biochemical properties. Also, this modified heparan sulfate proteoglycan binds more efficiently to acidic fibroblast growth factor. Moreover, the ECM produced by infected endothelial cells can direct the synthetic patterns of noninfected cells in a manner uniquely observed in infected endothelial cells, suggesting a plausible pathway by which infection of only a few cells can ultimately result in the coordinate responses of neighboring noninfected T. cruzi-host cross talk with ECM participation cells (47) . Since that gene expression is regulated by the surrounding ECM (38) , these results could partially explain the drastic alterations of ECM expression as well as other products observed during chronic chagasic myocardiopathy in the presence of only few parasites.
The modulators of ECM and the mechanisms leading to increased ECM expression in the inflamed myocardium during T. cruzi infection are not known. In view of the data described above, the ECM produced by T. cruzi-infected cells could itself modulate the ECM synthesized by other cells (38, 47) . Further, our findings showing that adsorption of T. cruzi-released antigens to noninfected cells induced an increase in ECM production by sensitized monkey epithelial cells and murine fibroblast and skeletal muscle cells suggest that parasite antigens could directly contribute to the establishment of ECM abnormalities and tissue remodeling during acute and chronic Chagas' disease (13) . It should also be considered that soluble factors such as cytokines, chemokines and growth factors produced by T. cruzi-infected cells or parasite antigen-sensitized noninfected cells may contribute to the overall alterations of ECM in target tissues during T. cruzi infection. In this context, a fibroblast-stimulating factor was identified in cell-free conditioned media from T. cruzi-infected cultures of fibroblasts, vascular smooth muscle cells and myocytes, suggesting that the infection of mesenchymal cells by T. cruzi could stimulate the production of modified ECM and thereby initiate the myocardial fibrosis typical of Chagas' disease (48). More recently it was shown that T. cruzi-infected macrophages and cardiomyocytes and antigen-stimulated macrophages produce chemokines (40, 42, 49) . Interestingly, a FN mesh surrounding IFN-γ-producing inflammatory cells and ECM-associated cytokine was frequently detected in the heart tissue of T. cruzi-infected mice (Roffê E and LannesVieira J, unpublished data). Thus, it is possible that interactions of cytokines and chemokines with FN and other ECM components or enzymatically modified ECM may affect the distribution and pleiotropic activities of these molecules in inflamed tissues, where the cytokines may act as proadhesive molecules, strengthening cell binding to the ECM, thereby promoting cell activation (36, 50) . Hence, presentation of cytokines and chemokines by ECM molecules in the inflamed tissue of T. cruzi-infected mice could contribute to cell recruitment, migration and activation leading to the maintenance of inflammatory foci in a particular microenvironment as well as ECM overproduction by mesenchymal or invading inflammatory cells.
It is also possible that products of the inflammatory cells (such as IFN-γ, TNF-α and chemokines) detected in the heart tissue of chagasic patients (24, 25) and heart and central nervous system of animals experimentally infected with T. cruzi (23, 39, 40 and Roffê E, Silva AA, Santiago HC, Gazzinelli RT and Lannes-Vieira J, unpublished data), demonstrated to modulate ECM expression (38, 46, 51, 52) , could contribute to the increase in ECM expression in several tissues. Furthermore, systemic hormones such as glucocorticoids (53) and cytokines such as IFN-γ (54) and TNF-α (55) detected in elevated levels in the serum of T. cruzi-infected mice may also induce alterations in ECM expression in the target tissues. Further, local and systemically produced proinflammatory cytokines may modulate the expression of adhesion molecules such as ICAM-1 and VCAM-1 on the endothelial cells (56, 57) and hence promote cellular infiltration of lymphocytes and other effector cells into the inflamed tissues. In fact, ICAM-1 + and VCAM-1 + blood vessels associated with CD8 + -infiltrating T cells were detected in the cardiac tissue of chagasic patients with severe cardiomyopathy (58) . More recently, we have shown that during experimental chronic chagasic infection there is a remarkable increase in the expression of VCAM-1 on the endothelial cells of heart blood vessels (23) . As shown in Figure 6 , this up-regulated VCAM-1 expression was observed initially during the early acute phase and paralleled the presence of perivascular VLA-4 + -activated mononuclear cells. In addition, ICAM-1 expression that was low on endothelial cells of cardiac tissue of noninfected animals was upregulated in T. cruziinfected mice. Further, LFA-1 + and ICAM-1 + cells were detected on invading inflammatory cells (Marino APMP, Azevedo MIP and Lannes-Vieira J, unpublished data). Using murine models susceptible and resistant to the development of acute T. cruzi-elicited meningoencephalitis, we have demonstrated that VLA-4/VCAM-1 interactions are crucial for the establishment of inflammation in the central nervous system during chagasic infection (Roffê E, Silva AA, Marino APMP, dos Santos PVA and Lannes-Vieira J, unpublished data). Interestingly, we have reported that the distribution of LFA-1 + VLA-4 + -activated CD4 + and CD8 + T cell populations in the myocardium mirrors the frequency of cells expressing the CD62L Low LFA-1 High VLA-4 High activation phenotype among CD4 + and CD8 + peripheral blood T cells (23) , reinforcing the importance of adhesion molecules for the establishment of inflammation in target tissues during T. cruzi infection. In fact, this was recently confirmed using IFN-γ-and IL-12-immunodeficient mice that present a decreased myocarditis during the early acute infection (15 days post-infection) in parallel to a diminished expression of VCAM-1 and ICAM-1 on endothelial cells when compared with wild-type C57BL/6 mice. Moreover, the heart tissue of T. cruziinfected ICAM-1-deficient mice was devoid of significant inflammation and the animals succumbed promptly to infection (Michailowsky V, Celes MRN, Marino APMP, Rossi M, Gazzinelli RT, Lannes-Vieira J and Silva JS, unpublished data). The findings discussed above provide evidence that profound alterations in the expression of ECM, cytokines, and adhesion and chemoattractant molecules are observed in several target tissues as a consequence of T. cruzi infection. All of these molecules may play a beneficial role leading to activation, recruitment and migration of cells involved in the control of the parasite but may also contribute to the establishment of adverse consequences such as chronic inflammation and organ dysfunction.
Interfering with the Trypanosoma cruzi-host interplay
The pathogenesis of T. cruzi-elicited myocarditis remains unknown, but it is probably multifactorial as discussed above. Regardless of the mechanisms, ECM alterations may result from and/or contribute to the chronic cardiac inflammation. Since the parasite is apparently required for the continuous supply of "danger signals" that result in damage to cardiac tissue (59) , the elimination of the parasite may cause clearance or partial regression of inflammatory lesions in target tissues. It has been shown that specific chemotherapy leads to reversibility of cardiac fibrosis in mice chronically infected with T. cruzi. Interestingly, the improvement in ECM abnormalities in benznidazole-treated mice correlated with a drastic reduction in inflammation (60) . Thus, we may propose that an immunomodulatory treatment that selectively blocks or diminishes the entry of deleterious inflammatory cells into the cardiac tissue of T. cruzi-infected mice could also be beneficial. Our recent findings showing a predominance of CC chemokines, especially RANTES (regulated on activation normal T cell expressed and secreted) and MIP-1α (macrophage inflammatory protein-1α), and cells bearing CC receptors, mainly CCR5, in the cardiac tissue of T. cruzi-infected mice associated with preferential expression of CCR5 on peripheral blood CD8 + T cells (23 and Marino APMP, Silva AA, dos Santos T. cruzi-host cross talk with ECM participation PVA, Pinto LMO, Gazzinelli RT, Teixeira MM and Lannes-Vieira J, unpublished data) led us to propose that CC chemokines and their receptors are involved in differential cell migration and pathogenesis of T. cruzielicited CD8-mediated myocarditis. Importantly, the treatment of acutely T. cruzi-infected mice with methionylated RANTES, an antagonist of CC chemokines, significantly decreased the inflammatory infiltrates due to CD4 and CD8 T cells, but decreased or did not interfere with heart parasitism depending on the therapeutic scheme used. Furthermore, these effects were accompanied by a decrease in ECM expression (Marino APMP, Silva AA, dos Santos PVA, Pinto LMO, Gazzinelli RT, Teixeira MM and Lannes-Vieira J, unpublished data), re-
